Abstract: Expression of Heme Oxygenase-1 in the Lungs of Rats Exposed to Crystalline Silica: Hiroko NAGATOMO, et al. Department of Occupational Pneumology, Institute of Industrial and Ecological Sciences, University of Occupational and Environmental Health-Oxidative stress is thought to be the pathogenesis of pulmonary fibrosis induced by particles, and heme oxygenase-1 (HO-1) protects lung tissue against oxidative stress. We hypothesized that HO-1 is also associated with oxidative lung injury caused by exposure to particles. The present study was conducted to investigate the time course of HO-1 expression of lungs exposed to crystalline silica in vivo. Male Wistar rats were administered 1 mg or 2 mg of crystalline silica suspended in saline by a single intratracheal instillation and were sacrificed at 3 d, 1 wk, 1 month, 3 months and 6 months of recovery time. The expression of HO-1 was observed by western blot analysis and immunostaining. Protein levels of HO-1 were increased compared to the controls at 3 d, and from 1 month to 6 months following intratracheal instillation of 2 mg of crystalline silica. The levels of HO-1 were increased compared to the controls from 1 month to 6 months following intratracheal instillation of 1 mg of crystalline silica. Many HO-1 positive cells were found particularly in the alveolar macrophages during immunostaining. These findings suggest that HO-1 is related to lung injury arising from exposure to crystalline silica. (J Occup Health 2006; 48: 124-128) 
It is well known that occupational and environmental inhalation exposure to silica particles causes pulmonary fibrosis. By nature, HO-1 is an inducible enzyme that catalyzes heme to generate bilirubin, ferritin, and carbon monoxide (CO) 1) . It is thought that HO-1 functions as a tissue defense against various types of oxidative stress such as heat shock, cadmium, ultraviolet rays and bleomycin through the physiological functions of their reaction products 2) . Morse 1) reported that mice treated with CO and bleomycin were found to have less severe lung injury than mice treated with bleomycin alone. Increased HO-1 expression has been observed in usual interstitial pneumonia (UIP) in human studies 3) . A recent study using a microarray technique that contains approximately 6,000 genes showed intense up-regulation of HO-1 in experimental fibrosis of mouse lungs 4) . Previously, we reported the increase of HO-1 protein expression in rat lungs with fibrosis 6 months after exposure to crocidolite 5) . Therefore, HO-1 is thought to be associated with pulmonary fibrosis.
In order to determine whether or not HO-1 is associated with lung injury induced by crystalline silica, we made serial measurements of HO-1 expression in rat lungs following the intratracheal instillation of crystalline silica.
Materials and Methods

Animals
The male Wistar rats (10 wk old) used in this study were purchased from Kyudo (Kumamoto, Japan). Either saline or crystalline silica suspension (1 mg or 2 mg/0.4 ml saline) was administered to the animals intratracheally. The animals were maintained for 3 d, 1 wk, 1 month, 3 months, and 6 months of recovery. The animals were assigned to an exposed group (n=5) and a control group (n=5) for each exposure category. After completion of the exposure time, the animals were sacrificed with an overdose of phenobarbital by intraperitoneal injection. For a negative control, titanium dioxide (TiO 2 ) suspension (1 mg or 2 mg/0.4 ml saline) was administered to the rats in the same way, and the rats were sacrificed at one time point, 6 months after exposure. The rats were handled according to the guidelines described in the Japanese Guide for the Care and Use of Laboratory Animals as approved by the Animal Care and Use Committee, University of Occupational and Environmental Health, Japan.
Particles
Crystalline silica (Min-U-5-Sil 5 silica; US Silica Co., Berkeley Springs, WV) was used in the study (Fig. 1) . The crystalline silica was measured using scanning electron microscopy and had an average particle size of 1.6 µm (GSD 2.0). TiO 2 in the form of rutile (Wako Pure Chemical, Osaka, Japan) was used with a mean size of 1.5 µm (GSD 1.5).
Western blot analysis
Lung tissue stored at -70°C was homogenized in 10 mM of Tris-HCl (pH 7.5) containing proteinase inhibitor cocktail tablets (Roche Diagnostics GmbH, Mannheim, Germany). The lung homogenate samples were centrifuged at 27,000 g for 10 min. The supernatants were used for protein assay (Bio-Rad, Hercules, CA). Forty micrograms of lung homogenate protein (final conc. 0.4% lung protein) were added to a gel loading buffer (final conc. 50 mM Tris, 70 mM NaCl, 1% SDS, 5% 2-mercaptoethanol), and polyacrylamide gel (12%) electrophoresis was carried out in the presence of 0.1% SDS using the mini protean 3 electrophoresis system (BioRad Laboratories, Hercules, CA). The samples were electrophoretically blotted on polyvinylidine difloride membrane (Amersham Biosciences, Inc. NJ) at 25 V for half an hour using transblot apparatus. They were then incubated with 0.3% milk-Tris-buffered saline Tween 20 for one hour, and incubated at room temperature overnight with rabbit anti-rat HO-1 (dilution 1/1000, Stressgen Victoria BC, Canada) in Tris-buffered saline Tween 20. After three washings, the membrane was incubated with peroxidase-conjugated sheep anti-rabbit IgG (Amersham Biosciences, Inc. NJ) (dilution 1/5000) for one and half hours. It was then washed three times, and the signals w e r e f i n a l l y v i s u a l i z e d u s i n g t h e e n h a n c e d chemiluminescence system (Amersham Biosciences, Inc. NJ). The bands of HO-1 were analyzed with the National Institute of Health Image 1.56 software (by Wane Rasband at NIH, Bethesda, MD).
Tissue preparation for immunohistochemistry
After removal of the right lung, the left lung was inflated and fixed by intratracheal instillation of 4% paraformaldehyde at 25 cm H 2 O pressure. The lung and trachea were resected from the surrounding tissue and allowed to stand at 4°C for 24 hours. The tissue was washed for 10 min in phosphate-buffered saline, dehydrated by immersion in a graded series of ethanol washes for 1 hour per wash, then maintained in 100% ethanol at 4°C. The lung tissue was embedded in paraffin, and sections were cut out from the lobe. Immunostaining for HO-1 was performed using 3-µm sections. Rabbit anti-rat HO-1 antibody from Stressgen (Victoria BC, Canada) was used as the primary antibody and was detected by the avidin-biotin-peroxidase staining method using the DAKO LSAB Kit (Dako Corporation, USA). Tissue sections were counterstained with hematoxylin.
Statistical analysis
We used the non-parametric Mann-Whitney statistical test for the crystalline silica-exposed and control groups. Values were expressed as the mean ± one standard deviation of 5 animals. Differences at p<0.05 were considered statistically significant by the test. (Fig. 2) HO-1 protein expression was increased compared to the controls from 1 wk to 6 months after a single intratracheal instillation of crystalline silica 1 mg. Exposure to 2 mg crystalline silica increased HO-1 protein expression at 3 d and from 1 month to 6 months compared to the controls. The difference was more significant at from 1 month. Exposure to 1 or 2 mg TiO 2 induced no significant changes compared to the controls (data not shown).
Results
HO-1 Protein Expression
Immunohistochemical staining for HO-1 (Fig. 3) To determine the cellular localization of HO-1 in the lung, immunostaining was performed 6 months after rat lungs were exposed to 2 mg of crystalline silica. Rat lungs exposed to crystalline silica showed infiltration of inflammatory cells and partial thickening of the interstitium at 6 months. Anti-HO-1 immunostaining in the crystalline silica-exposed group showed intensive staining mainly of the alveolar macrophages after 6 months compared to the control group (3A, B). Crystalline silica could be seen in alveolar macrophages and the thickened interstitium.
Discussion
In this study, HO-1 expression in rat lungs was increased during the acute and chronic phases of crystalline silica exposure. Koike et al. 6) reported on the basis of cDNA microarray analysis that expression of the HO-1 gene, compared to 10,000 other genes, was increased the most in the alveolar epithelial cells of rats exposed to diesel exhaust particles (DEP). In an in vivo study, increases of HO-1 mRNA expression and positive epithelial and inflammatory cells were observed in rats to exposed hyper-oxia within a few days after the exposure 7) . Furthermore, accelerated expression of HO-1 mRNA has been reported in DEP-exposed mice within 24 h after exposure 8) . With regard to the chronic phase after exposure, we reported an increase of HO-1 expression in rat lungs 6 months after exposure to crocidolite 5) . The results obtained with our model during the acute and chronic phases have been supported by the results of other animal experiments 5, [7] [8] . We have reported that the half-life of 2 mg crystalline silica instilled intratracheally into rats is 7.8 months 9) . If we assume that silica administered during this study was accumulated within the lung, it is likely to have induced oxidative stress continuously and, therefore, the level of HO-1 expression would have increased over time from the acute phase to the chronic phase.
Our results showed many positive cells for HO-1 staining, mainly in the alveolar macrophages and some positive cells in the alveolar and the bronchial epithelial cells. In the case of crocidolite exposure model we previously reported, positive cells were observed particularly in the alveolar macrophages 5) . In human UIP studies, the expression of HO-1 was observed mainly in the alveolar macrophages and only partially in the alveolar epithelial cells 3) . In an in vitro study, a dose-dependent increase of HO-1 expression was also confirmed in macrophages after DEP exposure 10) . In our present study we also observed that the differences in the level of HO-1 expression for the exposed and control groups in the chronic phase were much larger than the levels of HO-1 expression for the exposed and control groups in the acute phase. This may have resulted from the huge differences in the levels of macrophage production that existed between the chronic groups and the acute groups.
The binding sites of the transcription factors for activator protein-1 (AP-1) and nuclear factor-kappaB (NF-κB) have been found in the HO-1 gene 11, 12) . These transcription factors are assumed to be activated when HO-1 expression increases. Activation of AP-1 and NF-κB expressions has also been observed in the bleomycin induced fibrosis model 13, 14) . In vitro, it was reported that activation of AP-1 is induced through reactive oxygen species generated by crystalline silica in JB6 cells 15) . Cho et al. 16) have reported that silica induces NF-κB activation through TAK1 and NIK in the Rat2 cell line. Moreover, experimental animal models indicate that activation of NF-κB is associated with silica-induced pulmonary inflammation and the inhibition of its activation corresponds with suppression of inflammation 17) . HO-1 is thought to be induced as an anti-oxidative defense factor by reactive oxygen species (ROS). Induction of HO-1 expression has been reported in mice exposed to ozone, one of the ROS 18) . Furthermore, in vitro, the formation of ROS caused by exposure to ambient particles was quantified and a correlation with the level of HO-1 expression was reported 19) . In crystalline silica exposure studies, there have been many reports of ROS production, including hydroxyl radicals and lipid peroxyl radicals [20] [21] [22] . We intratracheally injected 2 mg of crystalline silica because the maximum lung burden of insoluble dust in our chronic inhalation study was found to be 2 mg 23) . We also reported previously that the pathologic features in rat lungs produced by intratracheal instillation of 2 mg of potassium octatitanate whisker were similar to those produced by 1-yr inhalation 24) . These suggested that physiologically, 2 mg might not be an excessive amount deposited in the lung.
In summary, we made serial measurements of HO-1 protein expression in the rat lung following the intratracheal instillation of crystalline silica to determine the role of HO-1 in pulmonary fibrosis induced by crystalline silica. Increases in the levels of HO-1 compared to controls were observed at each of the recovery times after exposure, suggesting that HO-1 is regulated as an anti-oxidative defense factor in lung injury caused by crystalline silica exposure.
